study examined whether a marked reduction in oxygen delivery, unlike findings in moderate-intensity exercise, would slow leg oxygen uptake (V O2) kinetics during intense exercise (86 Ϯ 3% of incremental test peak power). Seven healthy males (26 Ϯ 1 years, means Ϯ SE) performed one-legged knee-extensor exercise (60 Ϯ 3 W) for 4 min in a control setting (CON) and with arterial infusion of N G -monomethyl-L-arginine and indomethacin in the working leg to reduce blood flow by inhibiting formation of nitric oxide and prostanoids (double blockade; DB). In DB leg blood flow (LBF) and oxygen delivery during the first minute of exercise were 25-50% lower (P Ͻ 0.01) compared with CON (LBF after 10 s: 1.1 Ϯ 0.2 vs. 2.5 Ϯ 0.3 l/min and 45 s: 2.7 Ϯ 0.2 vs. 3.8 Ϯ 0.4 l/min) and 15% lower (P Ͻ 0.05) after 2 min of exercise. Leg V O2 in DB was attenuated (P Ͻ 0.05) during the first 2 min of exercise (10 s: 161 Ϯ 26 vs. 288 Ϯ 34 ml/min and 45 s: 459 Ϯ 48 vs. 566 Ϯ 81 ml/min) despite a higher (P Ͻ 0.01) oxygen extraction in DB. Net leg lactate release was the same in DB and CON. The present study shows that a marked reduction in oxygen delivery can limit the rise in V O2 during the initial part of intense exercise. This is in contrast to previous observations during moderate-intensity exercise using the same DB procedure, which suggests that fast-twitch muscle fibers are more sensitive to a reduction in oxygen delivery than slow-twitch fibers. V O2 kinetics; oxygen extraction; blood flow regulation IN THE TRANSITION FROM REST to exercise, the delivery of oxygen (O 2 ) to the working muscles increases to meet the higher metabolic demand dictated by the exercise intensity (16, 37, 41 ). An unresolved question is whether O 2 delivery limits O 2 uptake (V O 2 ) in exercising muscles during the initial phase of exercise (57).
IN THE TRANSITION FROM REST to exercise, the delivery of oxygen (O 2 ) to the working muscles increases to meet the higher metabolic demand dictated by the exercise intensity (16, 37, 41) . An unresolved question is whether O 2 delivery limits O 2 uptake (V O 2 ) in exercising muscles during the initial phase of exercise (57) .
Several studies have investigated V O 2 kinetics at the pulmonary level after different manipulations designed to change O 2 delivery to the working muscles. Reductions in arterial O 2 content and pressure induced by hypoxia has been reported to slow V O 2 kinetics during cycling at both low (18, 32, 61) and high (18) intensity; however, unchanged V O 2 kinetics has also been reported (28) . In these studies, O 2 delivery was not measured, and there is evidence to suggest that in hypoxia, muscle blood flow during submaximal exercise increases to maintain O 2 delivery (14, 40, 60) . Thus, other factors than O 2 delivery may have influenced the pulmonary V O 2 kinetics. Hyperoxia that increases arterial O 2 pressure and sometimes also O 2 content, has been shown to speed the overall V O 2 kinetic response during high-intensity cycling (47) , whereas it was unchanged at low-intensity cycling (32, 47) , suggesting that O 2 delivery may limit the rise in pulmonary V O 2 at high work rates. In contrast, pulmonary V O 2 kinetics was unchanged during cycling at both moderate and high intensities when the lower body was positioned in a closed chamber designed to reduce blood flow (66) . Likewise, no speeding of the pulmonary V O 2 kinetics was observed during cycling, ranging from moderate to severe intensity after erythropoetin treatment, increasing the capacity for O 2 transport in the blood (65) or in hyperoxia (63) , and a ϳ500-ml blood withdrawal did not slow V O 2 kinetics during intense exercise (8) . Thus, it is still unclear whether O 2 delivery limits the rise in V O 2 at the onset of exercise.
In studies using canine muscle, V O 2 kinetics was unaltered when elevating blood flow to levels reached at steady state at low stimulation frequencies resembling 60 -70% V O 2max (23) , whereas it was speeded at high frequencies resembling 100% V O 2max (24) , suggesting that any limitation of V O 2 kinetics from O 2 delivery is present only during intense exercise. However, in the same model, it was later found that reductions in blood flow slowed the V O 2 kinetics during low stimulation frequencies (22) , collectively showing that O 2 delivery can modulate V O 2 kinetics in canine muscle. However, the electrical stimulation protocol is reported to evoke fatigue, even at low intensity (67) ; thus, it is unclear whether this model replicates the exercise response in humans.
In humans, it has been reported that V O 2 kinetics at the muscular level, even at low intensity, become slower when performing arm exercise with the arm above heart level, causing a reduction in blood flow and, hence, O 2 delivery by ϳ20% compared with the control situation (33) , with similar findings during high-intensity exercise using pulmonary measurements (39) . In agreement, the muscular V O 2 response of the lower arm when working in a supine position at low intensity was faster when blood flow was increased as a result of an increase in blood pressure brought about by inflating a cuff around the calf muscle, while contracting before the initiation of the arm exercise (55) . However, a number of other studies do indicate that during upright exercise, O 2 delivery is not limiting the rise in V O 2 . At the onset of moderate-intensity cycling, bulk O 2 delivery increased at a faster rate than leg V O 2 (26) , and studies of high-intensity knee-extensor exercise have shown that the difference between O 2 delivery and V O 2 at the working muscles is largest in at least the first 10 -15 s of exercise, indicating that O 2 delivery is in excess of demand (2, 37) . Furthermore, Nyberg et al. (54) lowered O 2 delivery by ϳ50% in the early part of moderate-intensity exercise by inhibiting the formation of the vasodilators nitric oxide (NO) and prostanoids by using arterial infusion of L-NMMA (N Gmonomethyl-L-arginine) and indomethacin (INDO) and found that the rise in thigh V O 2 was not slowed (54) . In agreement, moderate hypoxia and hyperoxia did not change muscular V O 2 during combined knee-extensor and knee-flexor moderateintensity exercise, despite a reduced O 2 delivery in hypoxia (48) . It may be, however, that a reduction in O 2 delivery affects muscle V O 2 in the initial phase of high-intensity exercise. This is based on the expected recruitment of fast-twitch (FT) muscle fibers during intense exercise (44, 45) . In humans, these FT muscle fibers are reported to have lower oxidative capacity and capillary density than slow-twitch (ST) fibers (19, 30, 34) , probably because of reduced recruitment of these high-order motor units, since FT fibers in highly trained athletes can attain the same aerobic enzyme activity as ST fibers (10, 36) . A slower leg V O 2 response was seen during moderate-intensity knee-extensor exercise when a higher proportion of FT fibers were recruited because of an arterial infusion of a curare analog that blocked the "normal" recruitment of ST fibers (43) . This finding supports the hypothesis that FT fibers in normal subjects have slow V O 2 kinetics. The percentage of ST fibers has been reported to correlate with the gain (amplitude/delta work rate) during heavy-intensity cycling but not with the time constant (tau, ), which is typically used as the measure of fast or slow V O 2 kinetics (3). Also, a link between % ST fibers and the gain at moderate-, heavy-, and severe-intensity exercise has been reported and, interestingly, a correlation with tau and % ST fibers during heavy-intensity cycling (58) . In isolated muscles from rats with a predominance of either ST or FT fibers, the perfusion of ST muscles occur at a faster rate and to a higher absolute level. Thus, FT fibers appear to be underperfused compared with ST fibers, and in addition, the O 2 pressure gradient from blood to myocyte is markedly lower in FT fibers (4, 49) . Despite the fact that human muscles have a higher degree of fiber-type heterogeneity, it could be speculated that FT fibers would be more sensitive to changes in O 2 delivery because of low aerobic enzyme levels and capillary supply.
In humans, it was recently found that a modest decrease in O 2 delivery of ϳ6% caused by exposure to moderate hypoxia during intense knee-extensor exercise did not affect thigh V O 2 in the initial phase of exercise (11) . It is presently unknown whether a larger reduction in O 2 delivery will attenuate the V O 2 response of the exercising muscles during intense exercise in humans.
Thus, the aim of the present study was to examine whether a marked reduction in O 2 delivery would slow the rise in muscle V O 2 at the onset of intense exercise when recruitment of FT fibers, which are known to have low oxidative capacity, are expected to occur. We hypothesized that the V O 2 response would be slowed as a consequence of a reduced O 2 delivery to the recruited muscle fibers during intense exercise.
METHODS

Subjects.
Seven healthy male subjects with a mean age of 26 Ϯ 1 (ϮSE) years, body weight of 84 Ϯ 3 kg, and height of 184 Ϯ 3 cm participated in the study. All subjects were engaged 3 or 4 times per week in regular physical activity, such as soccer, racquet sports, cycling, and running. The purpose, nature, and potential risks were explained to the subjects before they gave their informed, written consent to participate in the study. The study was approved by the Ethics Committee of Copenhagen and Frederiksberg and was conducted in accordance with the guidelines of the Declaration of Helsinki. The subjects were informed to maintain their involvement in physical activity throughout the study period, but abstain from exercise 48 h and caffeine and alcohol for 24 h before the experimental days. In addition, subjects were instructed to consume a light meal 2 h prior to meeting in the laboratory.
Experimental protocol: preliminary trials. Prior to the main experimental day, the subjects visited the laboratory on three or four occasions to accustom themselves with the single-leg knee-extensor model used. All subjects used the right leg, and they were sitting upright with a ϳ120°hip angle. The preliminary trials were also used to establish an exercise intensity that after 7-10 min would elicit task failure, as defined by a kicking frequency below 55 revolutions per min (rpm) for more than 3 s from the target cadence of 60 rpm that was used throughout all trials. During the first visit, the subjects performed an incremental test commencing from a baseline of 12 W performed for 10 min, followed by increases in workload of 6 W/min until task failure. Incremental test peak power output (iPPO) was calculated at task failure as the sum of the power output (W) at the last completed step and the duration(s) at the step leading to task failure/60 s·6 W. Mean iPPO was 69 Ϯ 3 W.
On the next two to three visits, subjects performed constant load exercise with a load of ϳ85% iPPO for 7 min followed by increases in workload of 6 W/min until task failure. If task failure were markedly less or more than the desired 7-10 min, the constant load during the first 7 min of exercise was decreased or increased, respectively, during the next visit. The average workload for the constant load exercise in the main experiment was 60 Ϯ 3 W (86 Ϯ 3% iPPO) with an average exhaustion time of 8:58 Ϯ 0:51 min:s.
Main experiment. On the day of the main experiment, the subjects arrived at the laboratory at 8:30 A.M. after a light breakfast. After 30 min in the supine position, catheters were placed into the femoral artery and vein of the experimental leg and femoral artery of the nonexperimental leg under local anesthesia (Lidocaine; 20 mg/ml). After 30 min of additional rest, the subjects were placed in the knee-extensor ergometer and rested for an extra 15 min. Hereafter, the leg was moved passively for 1 min followed by 4 min of highintensity constant-load exercise (60 Ϯ 3 W corresponding to 86 Ϯ 3% iPPO) under two conditions: without (control; CON) or with infusion of INDO (COX inhibitor) and L-NMMA [nitric oxide synthase (NOS) inhibitor] into the femoral artery (double blockade, DB) of the working leg to inhibit the formation of prostanoids and nitric oxide. Because of the potential long-term effect of INDO and L-NMMA, the control trial was always performed first. To minimize any influence from performing prior exercise, a 4-min warmup was performed 30 min prior to both CON and DB consisting of 2 min at 35 Ϯ 1 W (50 Ϯ 2% iPPO) and 2 min at 49 Ϯ 2 W (70 Ϯ 2% iPPO). There was a recovery period of more than 90 min from the end of CON to the start of warm up for DB to establish resting conditions (7) . During DB saline, INDO (150 g·min Ϫ1 ·kg leg mass Ϫ1 ; Confortid, Alphapharma) and L-NMMA (4 mg·min Ϫ1 ·kg leg mass Ϫ1 ; Clinalfa) were infused into the femoral artery of the experimental leg for 4 min prior to and during the 1 min of passive movement of the leg (loading dose) and were then infused at a rate of 50 g·min Ϫ1 ·kg leg mass Ϫ1 (INDO) and 2 mg·min Ϫ1 ·kg leg mass Ϫ1 (L-NMMA) during exercise (maintenance dose). Blood samples (1-5 ml) were drawn from the femoral vein of the experimental leg at rest, during the passive movement of the leg 15 s before active exercise and after 5, 10, 15, 20, 30, 45, 60, 90 , 120, 180, and 240 s of exercise. Arterial blood was drawn from the nonexperimental leg ϳ5 s prior to the venous samples at rest, 30 s before active exercise, and after 10, 40, 55, 85, 115, 175, and 235 s of exercise. Leg blood flow (LBF) was measured continuously at the same time as blood samples were drawn.
Data acquisition and analyses. LBF was measured with an ultrasound machine (Logiq E9; GE Healthcare), as described previously (53) . Arterial pressure (mmHg) was monitored with transducers positioned at the level of the heart (pressure monitoring kit; Baxter). Arterial and venous blood samples were immediately analyzed for PO 2, PCO2, pH, O2 saturation, hemoglobin, lactate, and potassium (ABL725; Radiometer, Copenhagen, Denmark).
Calculations. Leg O2 delivery was calculated as LBF multiplied with the arterial O2 content and leg V O2 was LBF multiplied with the femoral arterial-venous O2 difference. To determine O2 extraction and V O2 at the capillary level, corrections were made for the transit times from the capillaries to the collection points in the femoral artery and vein based on the mean transit time from artery to vein measured in various phases of intense exercise with approximately one-third of the time representing the time from artery to capillary and approximately two-thirds of the time representing the time from capillary to vein (2) . All blood variables are presented in relation to mean time at the capillary level. Lactate and potassium release was calculated as LBF multiplied with the venous-arterial difference, corrected for changes in plasma volume.
Statistical analysis. Changes in the different variables during the entire period of exercise (passive and active) were examined with a two-way, repeated-measures ANOVA using exercise time and intervention (CON or DB) as factors. When a significant main effect was found, a Student-Newman-Keuls post hoc test was performed to locate the differences. All values are expressed as means Ϯ SE. Mean arterial pressure (MAP) was 14 Ϯ 2% higher (P Ͻ 0.001) in DB compared with CON before passive exercise (110 Ϯ 4 vs. 97 Ϯ 2 mmHg), and MAP remained ϳ15% higher (P Ͻ 0.001) throughout exercise (Fig. 1B) .
Leg vascular conductance was 81% lower (P Ͻ 0.05) in DB compared with CON both before and during passive movement of the leg (passive exercise: 1.9 Ϯ 0.4 vs. 10.2 Ϯ 1.9 ml·min Ϫ1 ·mmHg Ϫ1 ), as well as during the 4 min of intense exercise with an average reduction (P Ͻ 0.05) of 62% after 10 s (9.1 Ϯ 1.7 vs. 23.9 Ϯ 2.5 ml·min Ϫ1 ·mmHg Ϫ1 ) and of 23% after 240 s (29.8 Ϯ 2.4 vs. 38.6 Ϯ 3.4 ml·min Ϫ1 ·mmHg Ϫ1 ) (Fig. 1C) .
Leg V O 2 . Arterial O 2 content was not different in DB and CON with values of ϳ205 ml/l (Fig. 2D) . During passive exercise, leg O 2 delivery was 77 Ϯ 4% lower (P Ͻ 0.05) in DB than in CON (Fig. 2A) . During exercise, the reduction in O 2 delivery in DB compared with CON was 52 Ϯ 8% (P Ͻ 0.01) after ϳ15 s (219 Ϯ 38 vs. 509 Ϯ 68 ml/min) and 24 Ϯ 7% (P Ͻ 0.05) after ϳ45 s (562 Ϯ 48 vs. 780 Ϯ 106 ml/min). O 2 delivery was significantly reduced (P Ͻ 0.05) until 180 s of exercise ( Fig. 2A) .
Prior to and during passive exercise and the first 45 s of exercise, venous O 2 content was lower (P Ͻ 0.01) in DB compared with CON (ϳ10 s: 52 Ϯ 6 vs. 85 Ϯ 7 ml/l and 45 s: 40 Ϯ 4 vs. 56 Ϯ 3 ml/l), whereas no significant difference was observed during the rest of exercise (Fig. 2D) . Before passive exercise, leg O 2 extraction (a-v O 2 difference) was higher (P Ͻ 0.001) in DB compared with CON (108 Ϯ 10 vs. 66 Ϯ 9 ml/l) and remained higher during passive movement of the leg and the first 45 s of exercise (ϳ10 s: 149 Ϯ 6 vs. 117 Ϯ 7 ml/l and 45 s: 170 Ϯ 5 vs. 146 Ϯ 6 ml/l) (Fig. 2E) .
Leg V O 2 was not significantly different between DB and CON before exercise, during passive movement of the leg, and (Fig. 2C) .
Blood gases and pH. Femoral arterial PO 2 was ϳ100 mmHg throughout exercise with no difference between DB and CON (Fig. 2F) . Femoral venous PO 2 was lower (P Ͻ 0.05) in DB than in CON during passive exercise and the first 90 s of exercise (ϳ10 s: 19 Ϯ 1 vs. 25 Ϯ 1 mmHg and 45 s: 19 Ϯ 1 vs. 22 Ϯ 1 mmHg) (Fig. 2F) . respectively, at the end of exercise (Fig. 3A) . Accordingly, plasma venous-arterial lactate was not different between DB and CON. Net lactate release was not different between DB and CON (Fig. 3B) .
Arterial plasma potassium was ϳ4 mmol/l during passive exercise increasing to ϳ5 mmol/l in DB and ϳ4.5 mmol/l in CON with no significant difference. Venous potassium was also ϳ4 mmol/l during passive exercise and increased to ϳ5 mmol/l in both DB and CON. Net potassium release was lower (P Ͻ 0.05) in DB than in CON (ϳ10 s: 0.7 Ϯ 0.2 vs. 2.7 Ϯ 0.3 mmol/min, 45 s: 2.1 Ϯ 0.4 vs. 3.3 Ϯ 0.4 mmol/min, and 240 s: 0.7 Ϯ 0.4 vs. 1.9 Ϯ 0.5 mmol/min).
DISCUSSION
The major finding of the present study was that the rise in muscle O 2 uptake was attenuated in the initial phase of intense exercise when leg O 2 delivery was lowered by ϳ25-50%. Furthermore, it was found that the difference between leg O 2 delivery and O 2 utilization was minimal during DB and less than in the control condition.
The finding of a slower rise in V O 2 during intense onelegged knee-extensor exercise (86 Ϯ 3% of iPPO) when leg blood flow (Fig. 1A) and O 2 delivery ( Fig. 2A) was lowered in DB is in contrast to the observation of unaltered leg V O 2 response during moderate-intensity exercise with a similar reduction in blood flow and O 2 delivery caused by the same type of double blockade (54) . These findings suggest that the larger muscle mass used or further recruitment of FT fibers during intense exercise (44, 45) was causing the discrepancy in the V O 2 response between moderate and intense exercise. By using multiple exercise transitions, it has been shown that the fast component of leg V O 2 kinetics was similar between moderate (ϳ25% iPPO) and intense (ϳ70% iPPO) isolated kneeextensor exercise (42) , suggesting that involving more muscles per se does not slow the V O 2 response. In the present study, subjects exercised at higher relative intensity (86% iPPO), and some areas of the muscle may have been underperfused, especially in the DB situation, which could be part of the explanation for the slower V O 2 response observed in DB. Nevertheless, during intense exercise as in the present study, both recruitment of ST and FT fibers is likely required, whereas ST fibers are mainly recruited during moderate-intensity exercise (44) . The low oxidative enzyme activity in FT fibers (19, 30, 34) is, therefore, probably the main reason for the slower V O 2 response compared with the similar V O 2 response that we have reported previously during low-intensity exercise (54) when the muscle fibers are challenged with a reduced blood flow in the DB trial. To support this contention, it has been demonstrated that the white portion of the rat gastrocnemius muscle (mainly FT fibers) showed higher levels of ADP, AMP, lactate, and lower levels of creatine phosphate during exposure to hypoxia compared with normoxia, whereas the soleus muscle (mainly ST fibers) was unaffected by hypoxia (31). V O 2 was not assessed in that study, but the higher levels of markers of anaerobic energy turnover could indicate a reduced aerobic metabolism. We can, however, not exclude that the ST fibers in the present study were influenced by the reduced blood perfusion and, hence, O 2 delivery with the DB procedure and, thus, respiration in ST fibers may also have contributed to the slower rise in whole muscle V O 2 (Fig. 2B) . In support of this, DB blood flow per work unit after 15 s of exercise was considerably lower during intense compared with low-intensity exercise (ϳ25 vs. ϳ50 ml blood·min Ϫ1 ·W Ϫ1 ), for which no effect on muscle oxygen uptake was observed (54) . A recent study has shown that when O 2 delivery is reduced to a smaller extent (ϳ6%) than in the present study by moderate hypoxic breathing, there was no effect on the V O 2 response measured at the muscular level during intense kneeextensor exercise in humans (11) . In that study, both O 2 delivery and O 2 pressure were reduced as a result of the hypoxic intervention with a more marked reduction in the O 2 pressure, but there was no effect on O 2 extraction by the muscles, suggesting that the diffusive driving pressure was not limiting in exercise performed by a small muscle mass. Thus, it appears that the FT fibers under normal conditions receive adequate O 2 and, thus, O 2 delivery and the O 2 pressure gradient are not posing any limit to the rise in V O 2 in the initial phase of intense isolated knee-extensor exercise. There are other situations in which reduced perfusion pressure, such as exercise with the muscle in line or above heart level (33, 39, 55), can limit V O 2 kinetics. Nevertheless, a ϳ25-50% reduction in O 2 delivery in the initial 2 min of intense exercise in the present study caused a slower rise in leg V O 2 consistent with the existence of the so-called "tipping point" above which a reduction in O 2 delivery will attenuate the rise in V O 2 (57). We do not know whether less reduction, e.g., 10 -20%, in O 2 delivery would have resulted in a slowing of the V O 2 response.
The difference between leg O 2 delivery and leg V O 2 in the initial phase of exercise was small in DB and lower compared with CON (Fig. 2C) . It may be that respiration of the contracting fibers had reached a maximum after some 60 s of exercise where the a-v O 2 difference in DB reached a steady-state level (Fig. 2E) . Thereafter, the progressive increase in thigh V O 2 was solely due to the increase in leg blood flow, actually reaching the same leg V O 2 as in CON at the end of exercise. Because the present study showed that a decrease in O 2 delivery can slow V O 2 kinetics during intense exercise, it could be speculated that an increase in O 2 delivery would speed the rise in V O 2 at the onset of exercise. Supporting this hypothesis, it was found that the V O 2 response in the lower arm was faster compared with the control condition when blood flow was elevated by a blood pressure increase caused by release of a cuff placed around the lower leg (55) . Faster V O 2 kinetics was also reported when O 2 delivery was elevated five-fold before electrical stimulation of canine muscles at an intensity corresponding to 100% V O 2 max (24). In humans, it has been observed that hyperoxia in one study accelerated the overall pulmonary V O 2 kinetic response during cycling exercise at work rates above, but not below, the ventilatory threshold (47), whereas the fast component was unchanged in another study also using moderate and intense exercise (63) . O 2 delivery was not assessed in these studies, and the exercise intensity in the study observing faster V O 2 kinetics was only ϳ80% V O 2max (47) . Because hyperoxia is known to lower submaximal blood flow (9) , it has to be considered whether the effects seen relate to other aspects than O 2 delivery, such as O 2 pressure or systemic effects (62) . Blood flow has also been reported to be similar in normoxia and hyperoxia (62) . If that were the case in the study showing faster V O 2 kinetics in hyperoxia (47), the increase in arterial O 2 saturation would be modest, with values of ϳ97% in normoxia and 100% in hyperoxia yielding an extra ϳ10 ml O 2 /l blood (20, 62) . This would amount to a ϳ5% increase in O 2 delivery, assuming a leg blood flow of 8 l/min and an increase in arterial O 2 content from 200 to 210 ml/l. It seems that during intense exercise in humans, even a small increase in O 2 delivery (ϳ5%) can speed V O 2 kinetics in some (47) but not all studies (63) , whereas a small reduction in O 2 delivery (ϳ6%) (11) or hemoglobin concentration (ϳ5%) (8) has no effect. In addition, the present study showed that a larger reduction in O 2 delivery (25-50%) causes a slower rise in leg V O 2 .
The majority of studies assessing skeletal muscle blood flow and vascular control have primarily focused on hemodynamics during steady-state exercise. Consequently, there is little information related to the immediate vasodilator response between the onset of exercise and steady-state conditions, with even less information on the role of exercise intensity. In this context, the importance of specific vasodilators is likely to change over the time course of exercise (12) . The large reduction in leg blood flow of 25-50% during the first minute of exercise in the current study (Fig. 1A) highlights the importance of these vasodilator systems for regulation of blood flow at the onset of exercise and suggest an even greater role for these substances in the initial part of exercise (0 -2 min), as blood flow is reduced by ϳ30% during steady-state exercise (Ͼ2 min) when the NO and prostanoid systems are inhibited (52, 54) . Furthermore, the same relative reduction in blood flow as that observed during moderate intensity with the same pharmacological approach (54) indicates a similar role of NO and prostanoids for perfusion of ST and FT muscle fibers. Of note, the vascular conductance was lower at rest during inhibition of NO and prostanoid formation, and this change in the contractile state of vascular smooth muscle could have affected the vascular response to exercise. However, a reduction in femoral blood flow at rest, similar to that reported in the current study, has been shown not to affect the blood flow response in the initial part of knee-extensor exercise (59) , suggesting that the impaired formation of NO and prostanoids was the primary cause of the reduced blood flow in the initial part of exercise.
Another interesting finding was that leg blood flow was not significantly different between DB and CON after 3 min of exercise in DB. As the difference in mean arterial pressure and, hence, perfusion pressure did not change (Fig. 1B) , the increase in blood flow in DB was an effect of an increased vascular conductance in DB (Fig. 1C) . This increase in vasodilation suggests that alternative signaling pathway(s) restored exercise hyperemia to match muscle metabolism (1), as evidenced by the unaltered leg V O 2 after 3 and 4 min of exercise. The identity of the redundant system(s) remains speculative, but likely candidates include ATP released from red blood cells upon deoxygenation (17, 21) and production of NO via nitrite (NO 2 Ϫ ) from deoxygenated hemoglobin (13) and the possible release of NO from red blood cells during deoxygenation (15) , as the lower leg blood flow was associated with a lower oxygenation state of hemoglobin in venous blood in DB. Furthermore, potassium has been suggested to be involved in vasodilation during skeletal muscle contraction (12) , and in the present study, arterial potassium tended to be higher in DB, indicating that increased concentrations of potassium may have contributed toward compensating for the reduced blood flow in DB.
It should be considered whether the blockade procedure may have had a direct effect on the mitochondrial respiration. Previous studies using the DB procedure have reported different findings on leg V O 2 at steady state with reports of slightly higher (29) , unaltered (54), or lower values (52) . The finding from the present study of similar leg V O 2 after 3 and 4 min of intense exercise in DB and CON, in which all variables affecting V O 2 are stable (Fig. 2, D-F) , except that blood flow values (Fig. 1A ) are in agreement with the finding of similar steady-state V O 2 during moderate-intensity exercise (54) . NO has been demonstrated to inhibit mitochondrial respiration by binding to the O 2 -binding site at cytochrome-c oxidase in the electron transport chain (6) . Furthermore, inhibition of NOS by the L-arginine analog nitro-L-arginine methyl ester (L-NAME) has been shown to speed the phase II pulmonary V O 2 kinetics during intense exercise (38, 64) . However, the infusion of L-NAME had significant systemic effects, such as lower heart rate and increased blood pressure. Because pulmonary measurements were performed, it is unclear to what extent the V O 2 of the contracting muscles was affected, although pulmonary V O 2 reflects muscle V O 2 during normal exercise (26, 42) . Nevertheless, L-NAME did not change V O 2 kinetics in isolated canine muscles (25) . INDO is a nonsteroidal anti-inflammatory drug that inhibits cyclooxygenase-mediated formation of prostanoids, and a high concentration of indomethacin has been shown in various tissues to inhibit mitochondrial electron transport and ATP production (35, 50) . In a recent study of skinned muscle fibers obtained after knee-extensor exercise with and without arterial infusion of inhibitors of NOS and prostanoid synthesis, and a combination of the two, indometh-acin reduced ADP-stimulated state 3 respiration by 50%, but blockade of NOS by L-NMMA partly counteracted the inhibition by indomethacin (5) . It remains unlikely, though, that these in vitro findings translate into similar changes in vivo, since the leg V O 2 response was similar between the control and the DB trial in the study by Nyberg et al. (54) using the same double-block procedure and work mode as in the present study in which steady-state V O 2 also was similar. Furthermore, leg V O 2 at steady state was not changed with infusion of only indomethacin (52) or L-NMMA (59) . Collectively, it does not appear that mitochondrial respiration was affected by the DB procedure in the present study, but additional studies are needed to verify this because of the contradictive findings with regards to steady-state V O 2 when exposed to the DB procedure in previous investigations (29, 52, 54) .
The slower leg V O 2 response in DB in the initial part of exercise in the present study did lead to reduced PCO 2 in arterial and venous blood, but it did not increase lactate release (Fig. 3,  A and B) or result in a more pronounced decrease in blood pH, indicating that the reduced aerobic energy production was not compensated by a higher anaerobic energy turnover from the glycolytic pathway. However, it cannot be excluded that the reduced O 2 delivery in DB caused a greater degree of muscle creatine phosphate utilization (27) and lactate accumulation (46) , and the lower blood flow in DB may have reduced lactate release (56) . Nevertheless, the finding of a similar lactate release after 3 and 4 min of exercise when blood flow was not different suggests that the muscle lactate accumulation was not greater in DB compared with CON. Thus, the total energy turnover appears to have been lower in the first phase of exercise in DB, but further studies are needed to clarify whether this is the case.
Perspectives and Significance
The present study demonstrated that the rise in leg V O 2 during intense one-legged knee-extensor exercise was impaired when O 2 delivery was reduced by 25-50% in the first minute of exercise, despite a large increase in the O 2 extraction. The present data, therefore, suggest that a large reduction in O 2 delivery limits skeletal muscle V O 2 in the initial part of intense exercise in humans. In addition, NO and prostanoids appear to be of importance for perfusion of muscle during both moderate and intense exercise since the reduction in blood flow in the present study was similar to previous findings using the same DB procedure during moderate-intensity exercise. In future studies, it will be of interest to explore whether exercise training, which elevates the oxidative capacity of FT (and ST) muscle fibers, can counteract the slower V O 2 response during intense exercise when exposed to a marked reduction in O 2 delivery, as in the present study. Furthermore, application of a "graded" protocol causing a lowering of O 2 delivery in the range of 10 -30% is warranted since the lowering of ϳ50% at the onset of exercise in the present study may exceed the threshold at which O 2 delivery becomes a limiting factor for the speed of the V O 2 response.
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